Modification of proteins by small ubiquitin-like modifier (SUMO) plays an important role in the function, compartmentalization, and stability of target proteins, contributing to the regulation of diverse processes. SUMO-1 modification can be regulated not only at the level of conjugation; it may also be reversed by a class of proteases known as the SUMO-specific proteases. However, current understanding of the regulation, specificity, and function of these proteases remains limited. In this study, we characterize aspects of the compartmentalization and proteolytic activity of the mammalian SUMO-specific protease, SENP1, providing insight into its function and regulation. We demonstrate the presence of a single nonconsensus nuclear localization signal within the N terminus of the protein, the mutation of which results in pronounced cytoplasmic accumulation in contrast to the nuclear accumulation of the parental protein. In addition, we observe that the N terminus of the protein may be essential for the correct regulation of the protease, since expression of the core domain alone results in limited expression and loss of SUMO-1, indicative of constitutive catalytic activity. Consistent with the prediction that the protease is a member of the cysteine family of proteases, we mutated a key cysteine residue and observed that expression of this catalytic mutant had a dominant negative phenotype, resulting in the accumulation of high molecular weight SUMO-1 conjugates. Furthermore, we demonstrate that SENP1 may itself be a target for SUMO-1 modification occurring at a nonconsensus site. Finally, we demonstrate that SENP1 localization is influenced by expression and localization of SUMO-1-conjugated target proteins within the cell.
Post-translation modification of proteins plays a crucial role in altering protein function, localization, and turnover. Modification includes not only chemical modifications such as acetylation and phosphorylation but also the conjugation of proteins to target substrates. Ubiquitination is a well studied example whereby ubiquitin is covalently coupled to the ⑀-amino group of lysine residues on particular target proteins. Although ubiquitination is generally regarded to target a protein for degradation, it is now clear that certain types of ubiquitin modifications may have other regulatory effects (for a review, see Ref. 1) . A further class of post-translational modification that has attracted considerable attention is the covalent attachment of the ubiquitin-like proteins. Small ubiquitin-like modifier (SUMO-1) 1 modification, unlike ubiquitination, does not target a protein for degradation and in some circumstances may function to antagonize protein degradation. Moreover, SUMO-1 modification has itself been shown to be an important strategy for the regulation of protein function, with many key proteins, including PML, p53, Ik-B␣, and c-Jun, now shown to be targets for SUMO-1 regulation (2) (3) (4) (5) .
SUMO-1 is conjugated to proteins through a pathway that shares many similarities to that of ubiquitin (for a review, see Ref. 6 ). Significant progress on understanding the SUMO-1 conjugation system has been made during the past few years, and several key proteins involved in the pathway have been identified (7) (8) (9) . SUMO-1 conjugation involves the utilization of ATP to adenylate the carboxyl terminus of a processed form of SUMO-1, which is then transferred to a cysteine residue in the E1 enzyme complex (SAE1-SAE2) and then to a cysteine residue in the E2 enzyme Ubch9 (7) . In addition, although SUMO proteins can be transferred from the Ubch9 complex directly to some target proteins in vitro, a number of SUMO E3 enzymes such as Ran-BP2 and the PIAS family of proteins have recently been identified (10 -14) . These components enhance the conjugation reaction and are likely to provide substrate specificity in the transfer of the SUMO-1 moiety to the ⑀-lysine group of specific target proteins.
The covalent modification of proteins by SUMO-1 is reversible and is mediated by SUMO-specific proteases. These proteases are thought to have dual roles. They are responsible first for the initial processing of SUMO-1 by cleavage of the precursor peptide at the carboxyl terminus of the protein, generating a C-terminal diglycine motif, and second for the subsequent processing and cleavage of high molecular weight SUMO-1 conjugates, releasing SUMO-1 and reducing the conjugation status of the target proteins.
A number of SUMO-specific proteases have been predicted based on homology to the first identified protease yeast Ulp1, the Smt3 (SUMO-1 homologue) deconjugating enzyme (15) , and are thought to be members of the general family of cysteine proteases. Those that have been studied to date include two proteases in yeast, Ulp1 and Ulp2 (15, 16) , and a number in mammalian cells (17) (18) (19) (20) (21) (22) . A number of other proteins predicted to be SUMO-specific proteases have been proposed based on homology within of a core domain (15, 23) , but functional activity in SUMO-1 processing has not been shown. The proteases identified thus far possess some interesting features. They all contain a core domain within which are the conserved amino acids (cysteine, histidine, and aspartic acid) that make up the catalytic triad. In addition, the proteases possess a large N-terminal domain, with little conservation between the members. It is noteworthy that the subcellular localization of a number of the proteases has been reported to be different, suggesting that this may be an important factor in the regulation and specificity of the proteases. Despite this progress, however, our understanding of the proteases and their regulation remains limited.
We have previously reported that a SUMO-1-specific protease, SENP1, co-localizes with a herpesvirus protein ICP0 during early infection and proposed that this colocalization may be involved in the ICP0-induced loss of SUMO-1-modified PML in infected cells (24) . Here we report further characterization of the localization and regulation of SENP1. We map a basic motif within the N terminus of the protein that is critical for efficient nuclear localization of SENP1 and show that the N-terminal region may also be important in modulating SENP1 activity. We show that alteration of a single cysteine residue within the predicted catalytic core inactivates SENP1, resulting in a dominant negative effect and accumulation of SUMO-1-conjugated species tightly associated with the inactive SENP1. Interestingly, our results also indicate that the protease may itself be a target for SUMO-1 modification. We further demonstrate that SENP1 localization may also be influenced by the expression of proteins that are targets of SUMO-1 modification, such as HDAC4 and PML, which affect the relative levels and localization of SUMO-1 conjugates within the cell.
EXPERIMENTAL PROCEDURES
Cells-HEp2 and COS-1 cells were grown in Dulbecco's modified Eagle's medium, supplemented with 10% fetal calf serum. Construction and selection of HEp2-SUMO and HeLa-SUMO cell lines has been recently described (24) . Cell lines expressing SUMO-1 were selected and passaged in medium containing 2 g/ml puromycin.
Construction of Plasmids-The construction of the FLAG epitopetagged wild type (WT) SENP1 construct and the epitope-tagged SUMO-1 expression vector have been previously described (24) . Additional mutants and deletion variants of SENP1 were constructed using PCR mutagenesis, by overlapping PCR, or by the QuikChange sitedirected mutagenesis procedure (Stratagene). The SENP1 NLS1 mutant containing the additional SV40 nuclear localization signal (NLS) (PKKKRK) was constructed by annealing two oligonucleotides (ctagcccaaagaaaaagagaaaggtcggatccg and ctagcggatccgacctttctctttttctttggg) and inserted into the NheI site of the SENP1 NLS1 mutant, to generate an in-frame SV40 NLS in the N terminus of SENP1, downstream of the FLAG epitope tag. This construct is referred to as SV40 SENP1 NLS1.M1. The plasmid expressing PML ⌬SUMO was created by PCR mutagenesis and was derived from a construct expressing PML560 (25) . This construct contains lysine to arginine substitutions at positions 160 and 490, which are the main sites for SUMO-1 modification. As a result, PML⌬ SUMO is not subject to SUMO-1 modification in vivo. The construct expressing HDAC4-GFP was created from a full-length cDNA clone (ha061161) for HDAC4, provided by Osamu Ohara and Takahiro Nagase of the Kazusa DNA Research Institute (26) . Note that the clone contained a known point mutation, which was corrected by PCR mutagenesis, and the coding region was then inserted in-frame into pEGFP-N1, to create plasmid pHDAC4-EGFP. Constructs were verified by restriction digestion and by DNA sequencing.
Transfections-Transfections were performed using the calcium phosphate precipitation procedure modified by the use of BES-buffered saline (pH 7.06) as previously described (27) . The total amount of DNA was equalized to 2 g with pUC19 DNA.
Immunofluorescence Studies-Approximately 40 h after transfection, cells, plated on glass coverslips, were washed in PBS and fixed with ice-cold methanol. Primary antibodies, diluted in PBS containing 10% fetal calf serum, were anti-c-Myc 9E10 (1:400; Roche Applied Science) for the Myc tag; anti-GMP-1 (1:1000, Zymed Laboratories Inc.) or antisentrin (1:200; Chemicon) for SUMO-1, and anti-FLAG M2 (1:2000; Stratagene) for the FLAG tag. The anti-PML DB75 rabbit polyclonal antibody has been previously described (24) . Secondary antibodies conjugated to fluorochrome Alexa 488 or Alexa 543 dyes (Molecular Probes, Inc., Eugene, OR) were diluted 1:200 in PBS containing 10% fetal calf serum. Following washing in PBS, cells were visualized using a Zeiss LSM 410 confocal microscope. Images for each channel were captured sequentially with 8-fold averaging. Composite illustrations, representative of many images gathered for each test construct and condition, were prepared using Adobe software.
Western Blot Analysis-After separation by SDS-PAGE, proteins were transferred to nitrocellulose membranes, which were blocked with PBS containing 0.05% Tween 20 (PBST) and 5% dried nonmilk fat. The membranes were incubated (1 h) with primary antibody in PBST plus 5% dried milk, washed three times in PBS containing 1% Triton X-100, and incubated for a further 1 h in PBST plus 5% dried milk containing the appropriate horseradish peroxidase-conjugated secondary antibody. Following further washing in PBS containing 1% Triton X-100, membranes were processed with chemiluminescence detection reagents (Pierce). Primary antibodies used for immunoblot were anti-c-Myc 9E10 (1:1000; Roche Applied Science), anti-GMP-1 (1:1000), and anti-FLAG M5 (1:5000; Sigma).
Immunoprecipitations-Immunoprecipitation of epitope-tagged SENP1 from whole cell extracts was performed as follows. A dish (35 mm) of COS-1 cells were transfected with the appropriate construct, and the monolayer was harvested by lysis with IP buffer (50 mM Tris, pH 7.5, 1% Triton X-100, 150 mM NaCl, 10 mM N-ethylmaleimide supplemented with protease inhibitor mixture; Roche Applied Science). Extracts were bound to FLAG-M2 affinity resin for 3 h and then washed thoroughly with TBS (50 mM Tris, pH 7.5, 150 mM NaCl). Bound protein was eluted from the beads using 0.1 M glycine, pH 3.0, and the sample was neutralized with one-tenth volume of 1 M Tris, pH 7.5, prior to analysis by SDS-PAGE.
RESULTS

Mapping of a Determinant Required for SENP1 Nuclear
Localization-To facilitate our understanding of the regulation and dynamics of SUMO-1 modification, we have been characterizing the mammalian SUMO-1-specific protease, SENP1, an enzyme about which we currently have relatively little information. We previously reported on the construction of a cDNA expression vector for human SENP1 (24) , isolated from a human testis cDNA library. Enzymic activity was demonstrated, showing removal of SUMO-1 from the nucleus of target cells and loss of high molecular weight SUMO-1 conjugates. We and others also reported that SENP1 itself displays a mainly nuclear staining pattern, with accumulation in punctate or speckled foci (18, 24) . Since compartmentalization of the protease is likely to play a major role in its regulation and substrate specificity, we wished to pursue determinants involved in its localization. A related SUMO-specific protease, SENP2, has recently been reported to exhibit nuclear localization (22) with a nuclear localization signal identified close to the extreme N terminus between residues 1 and 63. However, sequence alignment analysis of SENP1 and SENP2 indicates that this region is not conserved between the two proteases, prompting us to investigate the sequences of SENP1 that are required for nuclear localization.
The schematic in Fig. 1a illustrates certain features of SENP1. The protein possesses a long N-terminal region that is poorly conserved among the SUMO-specific proteases, whereas the more highly conserved core domain (shaded) is located close to the C terminus. The core domain contains the residues HDQC that are predicted to be essential for the formation of the catalytic site (18) . SENP1 does not appear to contain any consensus mono-or bipartite NLS. However, the locations of three regions that from computer analysis of signature motifs show a relationship to potential NLSs are indicated. NLS2 (aa 574 -577, KKRK) and NLS3 (aa 628 -634, PYFRKRM) are putative NLSs that were identified from the Swiss-Prot annotation of the SENP1 sequence. From additional computational analysis based on an algorithm utilizing theoretical NLS prediction (28), we identified a third putative site, NLS1 (aa 171-177, PKKTQRR). While not formally identified as NLSs, these putative sites have been labeled NLS on the schematic for clarity.
We constructed a deletion mutant of SENP1 containing the N-terminal 440 residues and lacking the core domain. This construct contains NLS1 but lacks NLS2 and NLS3 and was almost exclusively nuclear, indicating that an NLS was likely to reside within the N terminus of the protein, (or that this smaller variant passively localized to the nucleus, but see below). Attempts at expressing the C terminus of SENP1 in order to examine localization of the isolated core domain and the presence of an NLS within this region were relatively unsuccessful. Possible reasons for the inefficient expression of the C-terminal domain in isolation are discussed in more detail below.
We next performed site-directed mutagenesis of the predicted N-terminal NLS (NLS1) in the context of full-length SENP1 by substituting the basic amino acids for glycine residues (PKKQTRR to PGGQTGG). The results indicated a very clear phenotype with the variant (SENP1.NLS1.M1) now accumulating predominantly in the cytoplasm, although minor and variable amounts of the protein could be observed in the nucleus (Fig. 1b) . These results indicate that residues within the predicted NLS1 region around positions 170 -180 are critical for the nuclear localization of SENP1 and that there appears to be no other independent functional NLS, including those predicted within the C terminus.
In an attempt to confirm that this region was the critical FIG. 1. Mapping of determinants for SENP1 nuclear localization. a, schematic of SENP1 construct, highlighting the positions of the FLAG-HA epitope tag, predicted NLS sites, the conserved core domain, and HDQC residues corresponding to the presumptive catalytic active site. b, localization of epitope-tagged SENP1 constructs; WT SENP1, SENP1 1-440, and SENP1 NLS.M1 mutant were transfected into HEp2 cells and subsequently fixed and stained for SENP1 using anti-FLAG M2 antibody to the epitope tag. WT SENP1 was localized to the nucleus, as was SENP1 1-440. SENP1 NLS.M1 mutant was predominantly cytoplasmic. c, localization of SENP1 aa 171-177 or SENP1 1-440 fused to CMPK. SENP aa 171-177 and SENP1 1-440 were fused to CMPK, transfected into COS-1 cells, and fixed and stained for CMPK with anti-CMPK antibody. d, HEp2 cells were transfected with SV40 SENP1 NLS1.M1, and immunofluorescence analysis was performed for SENP1 expression with FLAG antibody or for SUMO-1 with anti-sentrin antibody. The arrows indicate cells expressing SV40 SENP1 NLS.M1, which is now nuclear by virtue of the SV40 NLS, and the corresponding loss of SUMO-1 from the nucleus.
NLS responsible for nuclear localization, we fused residues 171-177 to the N terminus of pyruvate kinase, a reporter construct that is usually restricted to the cytoplasm (29) . However, by this analysis, neither the short motif nor the complete N terminus of SENP1 (aa 1-440) was able to redirect pyruvate kinase to the nucleus (Fig. 1c) . These results indicate that whereas the residues around NLS1 are important, they may not be sufficient and that there may be some context sensitivity in the ability of this nonconventional sequence to independently direct a protein to the nucleus.
One explanation for the lack of nuclear localization of SENP1.NLS1.M1 was that the mutation affected some global aspect of, for example, protein folding and that this was indirectly responsible for the failure to accumulate in the nucleus. To address this, we constructed a version of SENP1.NLS1.M1, in which we attached a conventional NLS (from SV40 T-antigen) to the N terminus of the protein. We anticipated that this version should now locate to the nucleus and, if active, promote the loss of SUMO-1. This is exactly what was observed. As previously shown for WT SENP1 (24) (this paper; e.g. see Fig.  4 ), the SV40 NLS-containing variant of SENP1.NLS1.M1 located to the nucleus and promoted the loss of SUMO-1 (Fig.  1d) . This result provides robust evidence that the lack of nuclear localization of SENP1.NLS1.M1 was not due to some indirect effect affecting overall folding and function of the protein. Thus, both from the observation that this region is identified from homology searching as a putative, although nonclassical NLS, and from the unambiguous results of the effects of substitution of the basic residues, we believe that the NLS1 region is the major determinant for nuclear localization of SENP1.
Expression of the SENP1 Core Domain-In an attempt to examine the expression and localization of the C-terminal core domain, we constructed a variant comprising residues 436 -644 of SENP1 but found it extremely difficult to detect the protein both by Western blot and immunofluorescence analysis. Whereas other explanations were possible, one explanation for the poor expression was the possible hyperactivity of the catalytic core of the protease. By analogy with other cysteine proteases, it is generally accepted that the default state of the proteases is one of low activity and that their conversion into the active form is highly regulated. The SUMO-specific proteases possess a well conserved core domain, whereas their N-terminal domains are highly varied in primary sequence and size (23, 30, 31) . One role of the N-terminal regions of these proteases (in addition to the proposed role above in nuclear localization) could be in regulating activity and substrate selectivity. The interpretation of the result for SENP1 lacking the N terminus is that the core domain may be constitutively active and lack specificity. Constitutive activity may then have had either an intrinsic cytotoxicity or, since many SUMO-1 modified proteins are involved in transcriptional regulation (32) , may have affected expression within the transfected cells.
In a further attempt to demonstrate catalytic activity of the core domain in mammalian cells, we expressed the SENP1 436 -644 construct in cells constitutively expressing higher levels of SUMO-1 (24) , in which SUMO-1 is more readily assayable. Hep2-SUMO cells were transiently transfected with the SENP1 436 -644 construct, fixed, and stained for SENP1 or SUMO-1. Again, consistent with our initial attempts, SENP1 436 -644 expression proved difficult to detect, although expression was observed in a minority of cells (less than 1 in 200 cells). However, whereas only low levels of SENP1 436 -644 expression could be detected, it was clear that in the cells expressing the SENP1 436 -644 core domain, SUMO-1 was significantly reduced ( Fig. 2 ; two representative panels are shown). Although these results do not necessarily indicate that constitutive activity of the core domain accounted for low numbers of positive cells, they do indicate that the core domain was able to promote the loss of SUMO-1. Results below, using a mutant core domain, demonstrate that loss of SUMO-1 was not a nonspecific event and required an intact catalytically active core domain.
Localization of a Catalytic Site Mutant of SENP1-A number of residues within the core domain show complete conservation and are predicted to form part of the catalytic site of the enzyme and be involved in isopeptide bond cleavage (Fig. 1a) . The cysteine residue at position 603 is predicted to be a part of this catalytic site, and we next examined localization and activity of a mutant (cysteine 603 to serine) that, from known information on the cysteine protease family, would be predicted to be catalytically inactive (Fig. 3a) .
A variant containing the single cysteine to serine substitution at position 603 was transfected, and localization was examined in parallel with that of the parental WT protein. The results demonstrated that localization of SENP1 C603S was largely similar to the WT SENP1, with both proteins present in a nuclear diffuse pattern together with punctate staining. How- ever, we noted a reproducible difference between the proteins in that whereas WT SENP1 could be readily observed in the cytoplasm, particularly when expressed at higher levels (Fig.  3b, SENP1 , long arrows), SENP1 C603S was exclusively nuclear (Fig. 3b, short arrows) . This effect was not due to overall difference in expression between the proteins. Both the WT SENP1 and C603S mutant were expressed at similar levels as judged by Western blot (see below). Particularly when analyzing the highest expressing cells on an individual basis, it was clear that WT SENP1 could be detected in the cytoplasm, whereas the C603S mutant was always exclusively nuclear. Although not further investigated here, this difference may be significant, since it has been suggested that SUMO-1 may be involved in nuclear import processes (14, 33, 34) . This raises the possibility that SENP1 may also be involved in this process and/or may be shuttling between the nucleus and cytoplasm. An explanation for the exclusively nuclear accumulation of the catalytically inactive mutant arises from the results below.
Analysis of SENP1 C603S Mutant upon the SUMO-1 Profile-To demonstrate that the Cys
603 residue was indeed critical for formation of the catalytic site, we next analyzed the effect of the C603S mutant on the ability to promote the loss of SUMO-1 by Western blot and immunofluorescence analysis. Consistent with previous results (18, 24) , WT SENP1 promoted loss of SUMO-1 from the nucleus of HEp2 cells (Fig. 4a, upper  panel, SENP1, arrowed cell) . In contrast, however, the SENP1 C603S mutant generally failed to promote the loss of SUMO-1, and instead a subset of the protein showed co-localization with punctate SUMO-1 domains (Fig. 4a, SENP1 C603S , arrowed cell). We occasionally observed SENP1 C603S-induced loss of the punctate SUMO-1 domains but not any generalized loss of SUMO-1.
In a separate assay to compare activity of the WT and mutant proteins, we performed Western blot analysis of the profile of high molecular weight conjugated SUMO-1 species in cells co-transfected with either SENP1 or SENP1 C603S, together with a c-Myc epitope-tagged version of SUMO-1 (hmSUMO-1). Approximately 40 h after transfection, proteins were prepared, separated by SDS-PAGE, and transferred to nitrocellulose, and the SUMO-1 profile was analyzed using antibodies either to the total SUMO-1 species (detecting endogenous and transfected SUMO-1) or to the transfected species alone (note that in this example a lower percentage acrylamide gel was used for the blot employing the anti-Myc antibody). Consistent with our previous observations (24), SENP1 expression induced a loss of high molecular weight SUMO-1 conjugates, detected using both the anti-SUMO-1 antibody showing total SUMO-1 (Fig.  4b, left panel, compare lanes 1 and 2) and, even more pronounced, using the c-Myc epitope tag (Fig. 4b, compare lanes 1  and 2 right panel) . In contrast, the SENP1 C603S mutant completely failed to promote the loss of SUMO-1 (Fig. 4b,  compare lanes 1 and 3, left and right panels) . Moreover, the amount of high molecular weight SUMO-1 species detected in the presence of the mutant SENP1 was significantly higher than in control cells. One interpretation consistent with these results is that the SENP1 C603S mutant was acting in a dominant negative manner, blocking activity of the endogenous SENP1. Similar mutations within the active site of other cysteine proteases have also been reported to have a dominant negative effect (e.g. see Refs. 34 and 35). We further noted that the unconjugated SUMO-1 migrating at about 23 kDa was almost completely lost in the presence of the SENP1 C603S mutant (Fig. 4b, compare lanes 1 and 2 versus lane 3, left  panel) . This result suggests that the free SUMO-1 may be the result of turnover of SUMO-1 conjugates by the endogenous protease(s) and that the dominant negative effect of SENP1 C603S mutant prevents or substantially reduces this, resulting both in trapping of SUMO-1 in the high molecular weight conjugates and reduction of free SUMO-1.
Examination of SENP1 C603S Mutant by Western Blot-As controls for studies of both localization and activity, we examined the relative levels of expression of the SENP1 C603S mutant compared with WT SENP1. Expression levels were assessed both in the absence and presence of exogenously transfected hmSUMO-1, with the results identifying a potentially important characteristic of SENP1. SENP1 C603S was expressed at the correct size of ϳ76 kDa and at similar levels to the WT SENP1 (Fig. 5a, compare lanes  2 and 4, short arrows) . In addition, for the SENP1 C603S mutant, an additional higher molecular weight form was de-
Comparison of SENP1 and SENP1 C603S localization. a, schematic indicates the position of the cysteine to serine mutation within the catalytic site of SENP1. b, epitope-tagged WT SENP1 and SENP1 C603S were expressed in HEp2 cells and fixed and stained for SENP1 with anti-FLAG M2 antibody. At higher levels of expression, SENP1 was largely nuclear, with some cytoplasmic staining (long arrows). SENP1 C603S was exclusively nuclear, with no cytoplasmic staining (short arrows).
tected migrating as a doublet of between 90 and 100 kDa (Fig.  5a, lane 4, long arrow) . This doublet was not observed with the WT SENP1, and the shift in size from the main form was consistent with similar shifts we have observed for SUMO-1-modified proteins. One proposal to explain these results, therefore, was that SENP1 was itself a target for SUMO-1 modification but that this modification was normally rapidly reversed by an autocatalytic activity removing the SUMO-1, with little of the modified form accumulating. In the mutant SENP1, the absence of proteolytic activity resulted in the detection of the conjugated form.
To examine whether the modification was indeed due to SUMO-1, we co-transfected the protease with the epitopetagged SUMO-1 with the expectation that modification of SENP1 C603S by exogenous SUMO-1 would lead to a slightly increased shift due to the presence of the epitope tag. A clear shift was observed when exogenous hmSUMO-1 was transfected with SENP1 C603S (Fig. 5b, compare lane 4 and lane 5,  upper long arrow) . Again we did not detect any modification of the WT SENP1, even in the presence of exogenous SUMO-1, presumably because the WT protease was catalytically active, removing the SUMO-1, either by acting in cis or in trans. The size of the doublet compared with the unmodified protein, was consistent with modification of SENP1 with a single molecule of SUMO-1, and therefore most likely represented a modification at a single site. The nature of the doublet in the shift remains uncertain; however, it should be noted that unmodified WT SENP1 was frequently observed to migrate as a doublet (e.g. due to other alterations such as phosphorylation), so the high molecular weight doublet isoforms of the Cys 603 mutant probably represent corresponding shifts of both unmodified fractions. We note that migration as a doublet has also been reported with a yeast SUMO-specific protease, Ulp1 (31) .
The sites for SUMO-1 modification of several SUMO-1 target proteins have been mapped (for reviews, see Refs. 23 and 32). Although there are several exceptions, a consensus site for SUMO-1 modification has been proposed, consisting of KXE, where is a hydrophobic amino acid, K is the lysine that is targeted for conjugation, X is any amino acid, and E is glutamic acid (36 -38) . Analysis of the SENP1 amino acid sequence demonstrated the presence of a sequence, LKQE, that matches the SUMO-1 consensus motif starting at residue 567. Interestingly, this sequence (conserved within murine SENP1) is present within the core domain, between the sequences of the catalytic site (Fig. 5b, schematic) , suggesting a potential autoregulatory role of SUMO-1 modification in the activity of the protease.
To determine whether the lysine at residue 568 was a SUMO-1 modification site, we mutated the lysine residue to an arginine residue in the context of both WT SENP1 and SENP1   FIG. 4 . Analysis of the effect of SENP1 C603S expression upon SUMO-1. a, Hep2 cells were transfected with SENP1 or SENP1 C603S and then fixed and stained for epitope-tagged SENP1 with anti-FLAG M2 antibody or SUMO-1 with anti-sentrin antibody. WT SENP1 promoted the loss of SUMO-1 (upper panels, arrowed cell), whereas the SENP1 C603S catalytic mutant failed to promote the loss of SUMO-1 (lower panels, arrowed cell). b, HEp2 cells were cotransfected with hmSUMO-1 and either SENP1 or SENP1 C603S. Cell extracts were subjected to SDS-PAGE and Western blotting and then probed with anti-SUMO-1 to reflect total SUMO-1 (left panel; 10% SDS-PAGE) or anti-c-Myc antibody for the epitope-tagged SUMO-1 (right panel; 3-8% SDS-PAGE gradient gel showing high molecular weight conjugates only). WT SENP1 promoted the loss of SUMO-1 conjugates (compare lanes 1 and 2), whereas increased SUMO-1 conjugates are observed with SENP1 C603 (compare lanes 1 and 3) . The asterisk indicates the Ran-GAP1 conjugate, which is the major endogenous SUMO-1 conjugate detected in cell extracts.
C603S. Each of the constructs (SENP1 K568R and SENP1
C603S/K568R, respectively) was then expressed in the absence or presence of exogenous epitope-tagged SUMO-1, and modification was assessed by Western blotting. The results demonstrated that the SENP1 C603S/K568R double mutant was modified by both endogenous and exogenous SUMO-1, and modification was indistinguishable from the C603S single mutant (Fig. 5b, compare lanes 3 and 5 for endogenous SUMO-1 or lanes 9 and 11 for exogenous SUMO-1). We did not detect any differences in the localization profile of the K568R mutant, either in the WT or C603S backbone (data not shown). These data indicate that the potential site at Lys 568 does not account for SENP1 C603S modification.
We considered an alternative explanation, that it was possible that the modified C603S species represented not a conventional SUMO-1 modification on a target lysine group but rather an intermediate in the cleavage process. The reaction pathway predicts that during the cleavage reaction catalyzed by SENP1, the SUMO-1 moiety becomes transiently linked to the catalytic cysteine residue. We mutated the cysteine to a serine, and there are similarities in the detailed mechanism of action and coordination intermediates of cysteine and serine proteases. To rule out the possibility of an intermediate, we therefore additionally mutated the cysteine to an alanine. We observed the same modified form in the C603A mutant (Fig. 5c , compare lanes 3-5 for endogenous SUMO-1 or lanes 6 -8 for exogenous SUMO-1), indicating that this was not due a trapped intermediate and reinforcing the result with a second independent variant that loss of the active cysteine resulted in a modified form of the inactive enzyme.
Together with the results above, the data strongly indicate that the high molecular weight form of SENP1 C603S was due to modification by SUMO-1 at a nonconsensus site. , alone or in conjunction with hmSUMO-1, were subjected to SDS-PAGE and Western blotting. Extracts were probed for the FLAG epitope tag. Equal levels of unmodified SENP1 expression were observed (lanes 2-4, short arrows), whereas SENP1 C603S was detected as an additional high molecular weight doublet (lane 4, long arrow), whose mobility was shifted in the presence of exogenous tagged SUMO-1 (lane 5, long arrow). b, schematic illustrating the positions of the putative SUMO-1 modification (LKQE) site at lysine 568, within the SENP1 core domain (shaded). Similar experiments to those of above was performed, with the K568R substitution in either SENP1 or SENP1 C603S backbones. The SENP1 C603S/K568R construct was modified as efficiently as WT SENP1 (compare lanes 3 and 5 or lanes 9 and 11, long arrows) . A low abundance, modified form of potentially phosphorylated SENP1 is also indicated (P?). c, similar Western blot analysis as above, confirming modification of both the C603S and C603A SENP1 mutants by endogenous and exogenous SUMO-1.
Association of High Molecular Weight SUMO-1 Species with SENP1 C603S-To
ase inhibitors, and the SENP1 species were precipitated using FLAG M2-coupled affinity resin. After washing, bound protein was eluted from the resin and subjected to Western blot, detecting the protease with anti-FLAG M2 antibody (Fig. 6a) and any co-precipitating SUMO-1-conjugated species with an antibody to the epitope-tagged SUMO-1 (Fig. 6b) . SENP1 and the SENP1 C603S mutant were precipitated in approximately equal quantities from the extracts (Fig. 6a, lanes 1 and 2, short  arrow) . Consistent with our earlier observations, the slower migrating doublet species of the SENP1 C603S was observed, and this was shifted to a slightly higher migration in the presence of exogenous SUMO-1 (Fig. 6a, lanes 2 and 4, long  arrows) . The modification appeared relatively stable, even under these different extraction conditions. When analyzing the immunoprecipitates using the anti-SUMO-1 antibody (Fig. 6b) , the SENP1 C603S doublet observed with co-expressed hm-SUMO-1 (Fig. 6a, lane 4) was readily detected with the anti-SUMO-1 antibody (Fig. 6b, lane 4, arrows) . Note that the failure to detect the modification to the SENP1 Cys 603 mutant by the endogenous SUMO-1 (Fig. 6b, lane 2) is because this antibody does not detect the primate SUMO-1 in COS-1 cells (data not shown).
Surprisingly, however, in addition to the lower conjugates co-migrating at the position of the modified form of the SENP1 C603S doublet, we also observed a ladder of high molecular weight SUMO-1 conjugates (Fig. 6b, lane 4) . The ladder of SUMO-1 was intriguing, since it may represent SUMO-1 conjugates attached to target proteins, which interacted with the protease but were not cleaved. SUMO-1 was not precipitated with the WT SENP1 (Fig. 6b, lane 3) , which was active in cleavage of SUMO-1 conjugates. The analysis of SUMO-1 conjugates precipitated by the catalytically inactive mutant may prove to be a useful tool in identifying targets of SUMO-specific proteases. It is also interesting to note that the high molecular weight ladder, in addition to broadly migrating species, had an underlying regular appearance, suggesting that these could include chains of SUMO-1. Although further work is required to characterize the nature of the SUMO-1 modifications, if this were the case, one function of the SENP1 protease may be in cleavage (or prevention of the formation) of SUMO-1 chains. We are currently investigating this hypothesis.
Analysis of the C603S Mutation within the Context of the Core Domain Alone-As indicated above, our attempts at expression of SENP1 436 -644 (core domain alone) were largely unsuccessful, with poor expression but detectable catalytic activity (Fig. 2) . In addition, we also demonstrated that the cysteine 603 residue of SENP1 was critical for activity of the protease (Fig. 3) . To examine our proposal that the low level of expression of the SENP1 core domain was due to the catalytic activity of the core domain, we next introduced the C603S mutation into the SENP1 436 -644 core domain construct. We analyzed the expression of SENP1 436 -644 C603S by Western blot and immunofluorescence analysis. As before, expression of the catalytically intact SENP1 436 -644 core domain was barely detectable by Western blot analysis (Fig. 7a, lane 2) . In marked contrast, the SENP1 core domain construct containing the single C603S mutation was now readily detectable, migrating at the expected size of approximately 28 kDa, and with significant levels of expression (Fig. 7a, lane 3) . Although other interpretations are possible, this result is consistent with the interpretation that the low levels of expression of the core domain may indeed be due to unrestrained activity (rather than being an indirect effect of, for example, altered protein folding), since the single substitution that results in lack of catalytic activity in the same core domain background resulted in significant levels of expression. Interestingly, however, this truncated C603S construct did not show the shift in modification by SUMO-1 seen in the full-length version of the mutant. This may indicate that the SUMO-1 modification of SENP1 C603S occurs within (or may require) the N-terminal region.
Immunofluorescence analysis of HEp2-SUMO cells transfected with the SENP1 436 -644 construct were consistent with the Western blot results. Very few cells expressed the exogenous SENP1 436 -644 core domain, and in any positive cells expression was at extremely low levels (Fig. 7b, left panel,  arrowed cells) . The SENP1 436 -644 C603S construct, however, was readily detected, often with very high levels of expression (Fig. 7b, right panel) . The mutant protease was nuclear, with significant accumulation in punctate dots that colocalized with SUMO-1 (Fig. 7c) . As anticipated, the SENP1 436 -644 C603S core domain mutant did not promote the loss of SUMO-1 from the nucleus, even at high levels of expression (Fig. 7c) , unlike expression of the WT SENP1 core domain (Fig.  2) .
Recruitment of Mutant SENP1 to Domains Containing SUMO-1 Substrates-We interpreted the co-precipitation results (Fig. 6 ) to indicate a very tight association between the mutant SENP1-and SUMO-1-modified substrates. We wished to confirm this proposal independently by comparing localization of the wild type and mutant SENP1 when co-expressed with other protein targets for SUMO-1 modification. We focused our analysis on two SUMO-1 protein targets that are themselves able to form discrete domains within the nucleus, namely PML (2, 39, 40) and HDAC4 (13, 41) .
Co-transfection experiments were therefore performed with SENP1 constructs and exogenous PML560 or HDAC4. SENP1 was detected with antibody to the epitope tag. Co-expression of exogenous PML was detected with anti-PML antibody, and cells were readily identified due to enlarged PML domains, relative to the endogenous PML domains. The results are shown in Fig. 8a (two panels for each construct, with SENP1 species in the green channel and PML in the red channel in merged images). There was no significant alteration in localization of WT SENP1 due to co-expression of PML (Fig. 8a, left  panels) . SENP1 was found in a nuclear diffuse appearance, with some punctate speckling and with some limited co-localization with PML domains, consistent with our previous observations (24) . In contrast, localization of the mutant SENP1 C603S protein was profoundly affected by co-expression of PML. SENP1 C603S was virtually quantitatively retained within the PML domains, sometimes leading to a distorted irregular domain structure (Fig. 8a, center panels) . These results are consistent with the interpretation that SENP1 C603S was being relocalized due to its retained interaction with SUMO-1-modified PML.
It was possible that SENP1 C603S was being retained through interaction either with SUMO-1-modified PML or through interactions with other SUMO-1-modified proteins that had themselves been recruited to the domains. If our interpretation was correct that SENP1 C603S was retained directly through interaction with SUMO-1 modified PML, we predicted that we should not observe relocalization of SENP1 C603S when expressed together with a PML variant that was not subject to SUMO-1 modification. To address this, we employed a form of PML (PML ⌬SUMO) in which the major lysine SUMO-1 modification sites (Lys 160 and Lys 490 ) had been substituted to arginine residues. It has been previously shown that this variant is not subject to SUMO-1 modification (42) . 2 It should be noted that the minor SUMO-1 modification site at Lys 65 remained in this PML mutant, and whereas this site can be a target for SUMO-1 modification, it is only modified by SUMO-1 in the presence of existing SUMO-1 modification at Lys 160 (42) . 2 The results (Fig. 8a, right panels) show that although PML ⌬SUMO was found in large punctate domains in a pattern indistinguishable from the WT PML, no recruitment of SENP1 C603S to these domains was observed, since the mutant SENP1 remained in an unaltered diffuse nuclear pattern.
To examine whether similar results would be obtained with into HEp2 cells. Cells were subsequently fixed and stained with anti-FLAG M2 to detect SENP1 (green) or anti-PML polyclonal to detect PML (red). WT SENP1 was not recruited by exogenous PML (left panels), whereas SENP1 C603S was relocalized by PML into punctate domains, sometimes at the periphery of the nucleus (center panels). PML ⌬SUMO was unable to relocalize SENP1 C603S (right panels). b, GFP-HDAC4 was co-transfected with PML, WT SENP1, or SENP1 C603S. Cells were stained for SENP1 or PML (red) and HDAC4 was detected by virtue of the GFP tag (green). HDAC4 localized to domains that were distinct from PML domains (upper two panels) did not relocalize WT SENP1 (center panels) but did relocalize SENP1 C603S (lower panels).
an independent protein that was also a substrate for SUMO-1 modification, we examined localization with HDAC4, a protein previously shown to be a target for SUMO-1 modification (13). HDAC4 localized to distinctly different domains compared with PML (Fig. 8b, top panels) and was also unable to recruit WT SENP1 (Fig. 8b, middle panels) . However, HDAC4 expression did result in very efficient recruitment of the SENP1 C603S mutant (Fig. 8c, bottom panels) to the HDAC4 domains. Although HDAC4 is a target for SUMO-1 modification (13), it is still unclear whether the SUMO-1 moiety is removed from HDAC4 by specific proteases. Our data indicate that HDAC4 is a potential target for SENP1 regulation.
Taken together with the co-precipitation results (Fig. 6b ) these data provide strong evidence that the SENP1 C603S relocalization was induced by direct interaction with the exogenously expressed PML, which accumulated in a SUMO-1-modified form, with the mutant SENP1 being trapped in an inactive form with its substrate.
DISCUSSION
It is becoming increasingly clear that modification of target proteins by SUMO-1 plays a major role in diverse pathways and activities including protein targeting, transcriptional regulation, modulation of enzyme activity, and protein turnover (for reviews, see Refs. 32, 43, and 44). One major aspect of SUMO modification and metabolism, is deconjugation from its substrate catalyzed by SUMO-specific proteases. Based on the original identification of SUMO-specific proteases in yeast (15) , several mammalian SUMO-specific proteases have been proposed or confirmed (15) (16) (17) (18) (19) (20) (21) (22) (23) . However, our current understanding of the function and regulation of these enzymes remains limited.
We have focused on the characterization of the SUMO-specific protease, SENP1. Consistent with the original identification of SENP1 (18), we demonstrate that SENP1 normally accumulates in the nucleus with a minor but consistent population in the cytoplasm. Residues 171-177, within the poorly conserved N-terminal region, are critical for nuclear targeting. Substitution of the basic residues within this short motif abrogated nuclear accumulation. The addition of an NLS to the N terminus of this mutant restored nuclear accumulation of a functional protein. Together, the results provide strong evidence that the basic region around 171 is an NLS, required for nuclear import of SENP1. We note that whereas this motif does not fit the conventional definition of an NLS, since the identified residues are not readily transferable, the possibility remains that SENP1 piggybacks into the nucleus on another cellular protein and that this region is important for the interaction with other as yet unidentified cellular proteins involved in import. In yeast, the N terminus appears to be important in localization of Ulp1 to the nuclear envelope, and localization correlates in part with the ability to efficiently cleave substrates (45) . Of two other SUMO-specific proteases, SENP2 appears to localize specifically to nuclear pores (34) , whereas a protease termed SMT3IPI has been reported to accumulate in the nucleolus (46) . It appears that differences within the Nterminal regions direct specific targeting of the proteases to different compartments, and this, in addition to obvious discrimination in substrate binding, is likely to be a major factor in substrate selection. In this regard, in demonstrating that the cysteine 603 SENP1 is critical for activity of the SENP1 protease (see below), we also observed that localization of SENP1 C603S was exclusively nuclear in comparison with the WT SENP1, which was consistently present in the cytoplasm, albeit at low steady state levels. Since one of the proposed roles of SUMO-1 is in the regulation of the nuclear import/export pathway (13, 14) , one function of SENP1 may be in this transport pathway, perhaps involving shuttling between the nucleus and cytoplasm. Analysis of changes to the substrate spectrum of SENP1 that has been redirected to the cytoplasm and the potential shuttling of the WT SENP1 is now in progress.
Our results demonstrate that not only was the C603S mutant unable to promote loss of SUMO-1 from high molecular weight conjugates; on the contrary, it exhibited a dominant negative phenotype, promoting the accumulation of SUMO-1 conjugates in the cell, with a concomitant loss of free SUMO-1. These results are consistent with other studies using similar mutations in the catalytically active cysteine within the yeast Ulp1 or the mammalian SENP2 core domain (34, 35) . In both cases, accumulation of high molecular weight conjugate species could be observed. Although the mechanism is not clear, sequestration by the inactive mutant of an important co-factor for the WT enzyme or of the SUMO-1 conjugates themselves provides possible explanations. The results discussed below are of relevance in this context.
We provide convincing evidence that a novel doublet observed for the SENP1 C603S mutant indicates that SENP1 C603S was itself a target for SUMO-1 modification. Although analysis of the protease sequence intriguingly suggested the presence of a consensus SUMO-1 modification site within the actual catalytic core domain, additional mutational analysis indicated that the SUMO-1 conjugation site resided elsewhere in the protein on a non-consensus lysine group. It is of interest to note that SUMO-1 modification on a nonconsensus site within another substrate, proliferating cell nuclear antigen, has recently been reported (47) . Whereas reports of SUMO-1 modification on nonconsensus sites are rare, it should be noted that the majority of SUMO-1 modifications detected to date have been identified on the basis of searching known proteins for the consensus motif, thus skewing the detection of SUMO-1 conjugates in that direction. It is also possible that modifications on at least some nonconsensus sites are potentially disruptive errors and that at least one function of SENP1 may be to remove aberrant SUMO-1 modifications fulfilling a housekeeping or protective function. We did not detect modification of the WT SENP1 by SUMO-1, presumably due to the cleavage of SUMO-1 from SENP1 either in cis or in trans by the catalytically active SENP1. It is therefore also possible that the rapid autocatalytic turnover of SUMO-1 on SENP1 is involved in regulating its activity within the cell.
In further analysis, we also observed that high molecular weight conjugates of SUMO-1 co-precipitated with the C603S mutant SENP1. Whereas there were many diffusely migrating species within these co-precipitated components, there were also species migrating at regular intervals in the gels, potentially indicative of SUMO-1 chains. We note that we did not detect the presence of ubiquitin in the precipitated fraction (data not shown). Chain formation has been reported for SUMO-2/3 due to the presence of the consensus modification site within the N terminus of the proteins (38) . However, this is not thought to be the case for SUMO-1, since the corresponding motif is absent. We are currently investigating whether the high molecular weight conjugates observed in the precipitated fraction contain SUMO-1 chains and/or are SUMO-1 conjugates linked to target proteins. We also observed that expression of the mutant SENP1 resulted in loss of the free SUMO-1 within cells (Fig. 4) , coincident with the appearance of the SUMO-1 higher molecular weight conjugates. The simplest explanation for these results is that there is a dynamic flux of modification and deconjugation and that free SUMO-1 pools, which provide the substrate for subsequent conjugation, are mostly derived from deconjugation rather than de novo synthesis.
We observed poor expression of the isolated C-terminal core of SENP1, comprising the predicted catalytic domain. Given the observation that in the context of the core domain, a single substitution of Cys 603 to Ser now resulted in very efficient expression and abundant nuclear accumulation, we suggest that the poor expression of an active core may due to toxicity or down-regulation. These observations are reminiscent of results observed in yeast where expression of the core domain of a yeast Smt3 (SUMO-1 homologue)-specific protease, Ulp1, had a dominant lethal phenotype, associated with cell cytotoxicity (48) . In the study, sequences in the N terminus of Ulp1 were required to suppress the dominant negative phenotype. Similar observations have been made recently by Li and Hochstrasser (45) . It is possible that there is a common cellular factor in yeast and mammalian cells that is SUMO-1-modified and whose modification is essential for cell viability or that unrestrained SENP1 activity on diverse targets affects cell cycle progression and viability. Investigation of which regions within the N terminus of SENP1 are required for its regulation and whether expression of the core SENP1 alone results in constitutive activity will be the subject of further analysis both in vitro and in vivo.
Finally, our findings on the localization of SENP1 demonstrate that expression of protein substrates for SUMO-1 modification (e.g. PML and HDAC4) can influence the localization of the catalytically inactive SENP1 C603S protease. The results suggest that the catalytically inactive C603S SENP1 mutant was being sequestered or relocalized into domains that had accumulated relatively high levels of SUMO-1-modified target proteins. It is likely, therefore, and consistent with the results from the co-precipitation assays, that the mutant SENP1 stably interacts with SUMO-1 and target proteins but fails to be released from the complex. This interpretation is consistent with structural data based on the studies on yeast Ulp1 core domain in complex with Smt3, whereby extensive surface contacts between Ulp1 and SUMO-1 occur outside of the catalytic residues and serve to stabilize the interaction (48) . The subsequent result is trapping of SENP1 in subcellular domains corresponding to the site of accumulation of the target protein. We and others have previously shown that SENP1 can deconjugate SUMO-1 from PML (18, 24) . It is not currently known whether HDAC4 is also a target for SENP1, although our relocalization data suggest this may be the case.
We previously observed that WT SENP1 was recruited by the herpesvirus immediately early protein, ICP0 (24) . This situation differs from that with HDAC4 or PML, which do not affect WT SENP1 (but as indicated above do sequester the mutant SENP1). The recruitment by ICP0 could represent a distinct mechanism for SENP1 relocalization or, potentially, an alteration in the catalytic state of SENP1. In conclusion, our results reveal some important features affecting the regulation and activity of the SUMO-specific protease, SENP1, certain of which may also apply to other SUMO-specific proteases. Together with regulation of the conjugation pathways and SUMO ligases, the SUMO-specific proteases are likely to play key regulatory roles in controlling diverse aspects of modification and function of target proteins.
